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Abstract: Cylindrospermopsin (CYN) is a tricyclic guanidino derivative, an alkaloid toxin produced by several 
cyanobacterial genera. It alters cellular functioning in eukaryotes, including animal and plant organisms. Over the past 
decades, more and more evidence shows its potential hazardous effects on animal and human health. In this review, we 
give a critical survey and interpretation of data currently available on its biochemical and consequently, cellular effects. 
CYN is considered to be a cytotoxin. Several reports suggest that it is a potent inhibitor of eukaryotic protein synthesis, 
though the exact mechanisms are far from not completely understood. Here we show that the biochemical changes 
induced by CYN suggest are complex, and possibly involving multiple modes of action. Glutathione metabolism and 
pyrimidine nucleotide synthesis is affected besides the proposed protein synthesis inhibition. Biochemical alterations lead 
to the following cellular/subcellular alterations both in animals and plants: (i) changes in cell division rates due to 
perturbations in chromatin and cytoskeleton; (ii) perturbations of structure and functioning of endomembranes including 
endoplasmic reticulum; (iii) general metabolic alterations leading to genotoxicity and programmed cell death/apoptosis. 
The underlying mechanisms and possible health consequences are discussed. 
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1. INTRODUCTION 
  
Cylindrospermopsin (CYN) is a highly water soluble 
cyanobacterial polyketide-derived alkaloid. Its chemical 
structure was proposed for the first time in 1992 by Othani 
[1]. In the sulphated CYN (C15H21N5O7S) molecule (m/z of 
416) a central functional guanidino moiety combined with 
hydroxymethyluracil is attached to its tricyclic carbon 
skeleton (Fig. 1). The occurrence of natural CYN analogs- of 
7-epi-CYN (an epimer at the hydroxyl bridge) and 7-deoxy-
CYN (lacking the hydroxyl group) has also been recently 
identified from cyanobacterial strains [2, 3] (Fig. 1).  
To date, thirteen filamentous cyanobacterial species 
have been reported as potent producers of this alkaloid toxin: 
Cylindrospermopsis raciborskii [1], Aphanizomenon 
ovalisporum (currently Chrysosporum ovalisporum) [4], 
Aphanizomenon flos-aquae [5], Aphanizomenon gracile [6] 
and [7], Aphanizomenon klebahnii [8], Umezakia natans [9], 
Raphidiopsis curvata [10], Raphidiopsis mediterranea [11], 
Anabaena bergii [12], Anabaena planctonica [13], 
Anabaena lapponica [14], Lyngbya wollei [3] and at least 
several strains of Oscillatoria sp. [15]. 
Structural organization of the cylindrospermopsin gene 
cluster, encoding all the functions required for the 
biosynthesis, regulation and export of the toxin from C. 
raciborskii AWT205 is clarified by Mihali et al. [16]. The 
steps of biosynthesis of the molecule seem to be elucidated 
as well, involving a novel pyrimidine biosynthesis 
mechanism of uracil ring formation [16-20]. The formation 
of the carbon skeleton of CYN involves the synthesis of 
guanidinoacetate and uracil rings and seems does not appear 
to be in competition rivaling with the synthesis of purine or 
pyrimidine bases in CYN producing organisms.  
 
 
Fig. (1). The chemical structure of CYN and its natural 
analogs. Designation of (A, B, C) rings is according to 
Runnegar et al. [21]. 
 
 CYN was detected in recreational waters, in some 
reservoirs used for supplying drinking water [22, 23]. It and 
has been documented as being involved in at least two 
epidemic cases of human poisoning [24, 25]. It has several 
toxic effects: dermatotoxicity, cytotoxicity, genotoxicity and 
in animals and humans organisms, the liver may be the 
primary target [26, 27]. Its worldwide occurrence in 
freshwaters raises the probability of its interference with 
ecosystem integrity, affecting both animal and plant 
organisms [27, 28]. A broad range of experimental in vivo 
and in vitro studies focusing on CYN toxicity on several 
animal and plant organisms was performed It has been 
showing to interference with a wide variety of eukaryotic 
metabolic pathways ([26, 29] and see section 2 of this 
review). 
 For the above reasons, understanding CYN action at the 
cellular level is of crucial importance. For studying the 
cellular events induced by CYN, an important question is: 
after entry to the cell, what are will be its subcellular 
localization(s)? Work like that of Elliott et al. [30] made 
possible the development of poly-and monoclonal antibodies 
to CYN and paved the way for such studies. Histological 
analysis showed that liver tissues of tilapia fish were the 
most responsive for CYN immunolabeling, and that kidney, 
intestine and gills showed the presence of the cyanotoxin as 
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well. For cells of this organism, the most intense labeling 
occurred in the cytoplasm with characteristic CYN signal 
around the nucleus [31, 32]. Since the primary goal of these 
studies was the detection of the cyanotoxin at the 
histological level, there are no we do not have data on higher 
resolution subcellular localization of CYN. Thus, here we 
review the present knowledge on the cellular effects of CYN. 
however, Better knowledge of its subcellular localization in 
toxin treated tissues will certainly contribute to a better 
understanding of its cytotoxicity. 
 The principal objective of this review is to show the main 
cellular effects of CYN in eukaryotes including plants. These 
effects will be grouped into three sections- changes in cell 
cycle including the related chromatin and cytoskeletal 
alterations, effects on the endomembrane system including 
alterations in the organization of ER and Golgi apparatus and 
the induction of programmed cell death (PCD) by CYN. The 
main cellular alterations induced will be summarized in 
Table 1. Finally, we will present the main conclusions 
regarding the molecular effects of CYN in the light of 
cellular changes induced.  
 
2. OVERVIEW OF THE MOLECULAR EFFECTS OF 
CYN 
 
The excellent reviews of Žegura et al. [26] and Poniedziałek 
et al. [33] pointed out the main mechanisms of CYN toxicity 
at the molecular/biochemical level. According to the current 
knowledge, these are (A) rapid toxicity mediated by 
cytochrome monooxygenase P450 (CYP450) generated 
metabolites (see also [21, 34, 35]). although This type of 
mechanism was not proven to be universal in eukaryotes. For 
example, Kittler et al. [36] could not detect phase I 
metabolites of CYN in HepaRG cells.  When cultured mouse 
hepatocytes were treated with CYP450 inhibitors together 
with CYN, lactate dehydrogenase leakage was significantly 
attenuated as compared to CYN-only treatments [37]; (B) 
long-term toxicity mechanisms that include (i) the inhibition 
of eukaryotic protein synthesis; (ii) inhibition of glutathione 
synthesis; (iii) inhibition of pyrimidine nucleotide synthesis 
(see also [38]); (iv) CYN may interfere with eukaryotic 
DNA synthesis and transcription (see also [39]). In this 
section we will give a short critical overview on the 
inhibition of protein, glutathione and pyrimidine nucleotide 
synthesis, since these three biochemical events may be 
responsible for the most cytotoxic effects of CYN. 
2.1. The inhibition of eukaryotic protein synthesis 
Terao et al. [40] established the four main phases of CYN 
induced cell death events in liver cells of CYN treated mice: 
(1.) inhibition of protein synthesis, (2.) stimulation of the 
formation of intracellular membrane systems membrane 
proliferation, (3.) fat droplet accumulation and (4.) cell 
death. The inhibition of protein synthesis was pointed to as 
the initial phase of the successive changes. When they 
compared electronmicrographs of liver and kidney of CYN 
treated mice with the protein synthesis inhibitory 
cycloheximide (CHM) treated ones, similarities (dissociated 
ribosomes, formation of fat droplets) and differences 
(increased areas of fat droplets, abundance proliferation of 
intracellular membrane systems- SER, Golgi, vacuoles, were 
induced only by CYN) were described as well. However, the 
complex ultrastructural changes similar to those induced by 
CHM could be the consequences of not only protein 
synthesis inhibition, but to other unknown mechanism, too. 
This issue needs further research. Protein synthesis 
inhibitory effects of CYN were supported by diminished 
protein and CYP450 content in hepatic microsomes of CYN 
treated livers. Because globin synthesis measured in vitro in 
a rabbit reticulocyte cell-free system was completely 
inhibited by CYN (48 ng mL-1), they could establish “that 
one of the direct effects of CYN must be based on its potent 
inhibitory effects on protein synthesis in various cell types” 
[40]. They did not exclude the existence of other 
mechanisms, accumulation of free radicals being possibly 
responsible for some detected cellular alterations (abundance 
of intracellular membranes proliferation, accumulation of fat 
droplets, proximal convoluted urinary tubules) [40].  
Froscio et al. [41] described a rabbit reticulocyte lysate 
translation system as an accurate and rapid assay for the 
measurement of CYN content in cyanobacterial extracts. A 
dose response curve for protein synthesis inhibition by CYN 
was constructed. This protein synthesis inhibition assay with 
IC50: 120 nM has a detection limit of 50 nM/ 20.8 µg L-1 
CYN in an assay solution. Significant, concentration 
dependent (1-5 µM/0.416-2 µg mL-1) toxicity was detected 
at 18 h exposure to CYN of a primary mouse hepatocyte 
culture, where the inhibition of protein synthesis was a 
sensitive, early indicator of cell responses. Inhibition of 
CYP450 diminished CYN induced cell toxicity, but not the 
effect on protein synthesis [35]. Authors distinguished CYN 
caused protein-synthesis inhibition from the acute toxicity of 
CYN through CYP450. 
Runnegar et al. [21] used the results of CYN and epi-
CYN synthesis [42, 43] and compared the biological activity 
of natural CYN to its synthetic analogues and intermediates. 
Protein synthesis at the level of translation was measured in 
vitro using a rabbit reticulocyte lysate system, in which 
incorporation of [S35] methionine into luciferase was 
counted. and In vivo study used primary cultures of rat 
hepatocytes as intact cells, in which the incorporation of 
[S35] methionine to protein fraction of hepatocytes during 
incubation was detected. The concentration dependent 
inhibitory effects of natural and synthetic CYN (“RAC-CY”) 
and other analogues (“CY-DIOL, EPI-CY, EPI-DIOL”) on 
protein-synthesis were elucidated proven in both systems. 
For natural CYN the in vitro and in vivo IC50 concentrations 
were: 0.21 and about 0.128 µM (0.08 and 0.05 µg mL-1) 
respectively. When they compared the above effects with 
those of intermediates, the most important conclusions were 
that neither sulphate group, nor orientation of the hydroxyl 
group at C-7 are necessary for the uptake of CYN into the 
cell and for protein synthesis inhibition, in contrast to the 
presence of C-7 OH-group. The importance of the AB-ring 
(see Fig. 1) for inhibition of protein synthesis was proven 
both in vivo and in vitro as well; synthetic AB-MODEL with 
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lacking intact C-ring and methyl and hydroxyl groups on A-
ring could significantly inhibit protein synthesis at ≥100 µM 
and ≥400 µM. They concluded, that intact C-ring and 
functionality of A-ring are important for efficient inhibition 
of translation by CYN [21]. It is known as well, that Beside 
hydroxyl group, uracil moiety is crucial for CYN toxicity 
[2].  
Since 1994 the toxic mechanism of CYN has not 
been fully elucidated at the molecular level, but several 
studies indicated it became established that CYN inhibits 
directly protein synthesis, because inhibition of 
translation was reported using both in vivo and in vitro 
animal test systems by several researcher groups [21, 35, 
37, 41, 44].   
Vasas et al. [45] were the first who reported proved 
that CYN can negatively influence the life of plants as well. 
CYN was investigated in different experimental systems to 
elucidate whether it inhibits protein synthesis in plants as 
well. Metcalf et al. [46] exposed tobacco (Nicotiana 
tabacum) pollen to CYN and detected the inhibition of 
pollen germination (pollen tube growth) with an IC50 of 300 
μg mL−1 CYN (high cyanotoxin concentration). In this in 
vitro toxicity test-system pollen tube growth and protein 
synthesis were investigated by Alcian Blue binding and the 
incorporation of radiolabelled L-leucine /14C(U)-L-leucine/. 
At 138 µg mL-1 CYN the incorporation of radiolabelled L-
leucine showed higher quotients than the positive controls 
(using 20% ethanol in water instead of CYN), but 
significantly lower than negative controls (using water 
instead of CYN). Researchers underlined that the 
relationship between the two detected changes (inhibited 
pollen tube growth and inhibited protein synthesis at 
translation level) was possibly indirect. It should be noted 
that CYN concentrations used to detect inhibitory effects 
were high in this study. 
Froscio et al. [47] gave a probable explanation for the 
molecular mechanism of CYN induced protein synthesis 
inhibition. The eukaryotic protein synthesis apparatus was 
inhibited in plant and mammalian cell extracts with IC50 = 
334 nM for wheat germ extract and 110 nM in reticulocyte 
lysate. The results were compared to CYN induced protein 
synthesis inhibition in E. coli extracts, in which 100 mM 
CYN reduced protein synthesis by 25% [48]. Thus, the 
cyanotoxin had 1000-fold less activity on prokaryotic 
ribosomes/translation system than on eukaryotic ones [47]. 
Binding of [14C] CYN to 80S ribosomes and /or translation 
components was assessed in reticulocyte lysates. CYN could 
not bind covalently to ribosomes, because binding of [14C] 
CYN could be partially displaced by the addition of 
unlabelled toxin. The target of CYN may not be the intact 
ribosome itself, but rather one of the large MW (≥100 kDa) 
soluble proteins associated with the eukaryotic translation 
system.  
The assay of de novo protein synthesis in white 
mustard (Sinapis alba) seedlings was carried out by 
measuring incorporation of 35S-methionine/pulse labelling in 
order to see whether mitotic alterations induced by CYN are 
related to its effects on protein synthesis [49]. De novo 
protein synthesis of young roots underwent two cycles in the 
time frame analyzed, with maximal levels of protein 
synthesis at 15–16 h and 38–39 h after the start of pulse 
labeling. 18 g mL-1 CYN induces 50% growth inhibition of 
S. alba seedlings [45]. This cyanotoxin concentration 
delayed protein synthesis. In the first cycle, protein synthesis 
was inhibited as compared to control, with maximal values at 
16–18 h, but in the second cycle, protein synthesis was 
stimulated, with maximal values at 39–40 h after the start of 
seed germination. Delayed de novo protein synthesis was 
accompanied with delayed mitotic activity in the time frame 
studied (43 h). It was concluded that one of the possible 
causes of mitotic changes induced by CYN is its protein 
synthesis delaying effect. 
In spite of the promising findings of Froscio et al. 
[47] the detailed mechanism of protein synthesis inhibition 
by CYN is not known yet. Observations like that of 
Gutiérrez-Praena et al. [50]- induction of nucleolar 
segregation by CYN- could be one of the additional keys for 
elucidating this issue. General mechanisms of nucleolar 
segregation involve not only its disassembly at the beginning 
of mitosis, but might be induced by (i) binding of inhibitors 
like actinomycin D, an eukaryotic protein synthesis inhibitor, 
to the DNA core of nucleolus [51]; CYN might bind directly 
DNA due to its uracyl moiety, or (ii) oxidative stress induced 
formation of DNA adducts in the rDNA regions [52]. It is 
worth mentioning that in this respect, CYN acts differently 
to CHM, a well-known eukaryotic protein synthesis inhibitor 
that never induces nucleolar segregation [51].  
In spite of both in vitro and in vivo evidence for CYN 
mediated protein synthesis inhibition, there are several data 
that challenge the general inhibitory effect hypothesis- and 
that the main mechanism of CYN cytotoxicity is the 
inhibition of protein synthesis: (i) in contrast to the decrease 
of protein content observed in several vertebrate cell types 
(see [53] for an example), CYN treated aquatic plants, 
including Wolffia arrhiza show slight increases in the 
content of total soluble proteins, even though the cyanotoxin 
induced significant increases of protease activities that could 
alter total protein pool [54]; (ii) several proteins show 
increased expression in certain animal and plant cell types 
treated with CYN [28, 55, 56]. The expression of proteins 
related to signal transduction or reactive oxygen species 
(ROS) scavenging was increased by 10-100 µg L-1 CYN in 
HepG2 cells [57]. It should be noted that low CYN 
concentrations (up to 10 µg L-1) increased ROS levels, but 
stimulated metabolism and division in this cell line [58]. 
Freitas et al. [59] investigated the lettuce (Lactuca sativa L.) 
leaf-proteome profiles after exposure to CYN. The number 
of protein spots with increased intensity was higher than the 
number of spots with decreased intensity or lacking in CYN 
treated plants. When CYN was combined with microcystin-
LR (MCY-LR), a protein phosphatase inhibitory and ROS 
inducing cyanotoxin, this effect was more pronounced, but 
the highest protein number was characteristic at the lowest (1 
µg L-1) CYN + MCY-LR concentration. A large number of 
identified proteins in both experiments (CYN only and 
CYN/MCY-LR combinations) are involved in 
photosynthesis and carbon metabolism, ATP synthesis, 
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stress/defense response and protein folding. 1-100 µg L-1 
CYN combined with identical amounts of MCY-LR, 
increased the expression level of many cytosolic and 
chloroplast proteins involved in translation of lettuce 
proteins and signal transduction events- however, expression 
of several other proteins of this class decreased in the 
presence of 10-100 µg L-1 CYN [59]. (iii) Froscio [37] found 
no correlation between protein synthesis inhibition and the 
decrease of viability for cultured male Swiss Albino mouse 
hepatocytes. (iv) CYN up-regulated the transcription of most 
genes examined that were related to ribosome biogenesis in 
liver cells of pregnant mice [60]. The expression profiles 
were examined in mice treated i.p. with 50 µg CYN kg bw−1 
for 5 days and showed alterations in the transcription of 
genes involved in ribosomal biogenesis beside other 
important genes of metabolism, stress responses involving 
oxidative stress. Interestingly, gene expression analysis 
indicated a down-regulation of Coagulation Factor X. 
Chernoff et al. [60] underlined that deficiencies in the 
expression of this gene could have been associated with 
bleeding in both humans and mice. Štraser et al. [61] 
performed toxicogenomic analysis of selected genes 
commonly affected by genotoxic stress in HepG2 cells 
exposed to low, “genotoxic concentration” of CYN (0.5 µg 
mL-1) for 12 and 24 h. In the set of 190 selected genes 
commonly affected by genotoxic stress, both downregulated 
and induced ones were present considering the transcript 
levels, more genes being significantly upregulated. After 12 
h of exposure to CYN, 31% of the selected genes were 
significantly modulated, but only 17% were modulated by 
more than 1.5-fold relative to non-treated control cells. After 
24 h of exposure, 47% of the genes were significantly 
modulated and 30% were modulated more than 1.5-fold. At 
12 h 27 genes were upregulated while 7 downregulated, at 
24 h 41 were upregulated and only 22 repressed more than 
1.5-fold. Several important genes in DNA-damage-repair, 
cell-cycle and genes of enzymes playing role in the 
detoxification response were upregulated [62]. However it is 
known that changes in the level of gene transcription do not 
mean automatically changes in protein levels.  
Whether cytotoxicity of CYN is mediated in general 
by free cyanotoxin or by its modification via activators like 
CYP450- still remains a major question [37]. According to 
current knowledge, protein synthesis inhibition by itself is 
not the single metabolic alteration responsive for CYN 
toxicity (see next section).  
 
2.2. Effects on glutathione metabolism and the inhibition 
of pyrimidine nucleotide synthesis 
Runnegar and her colleagues reported proved that CYN 
induced cell death in primary rat hepatocyte cultures was 
preceded by the fall in GSH content of cells. Decrease of 
GSH pool of cells was the consequence of inhibited GSH 
synthesis and not the increase in GSH efflux or consumption 
as well as the formation of oxidized glutathione GSSG or 
GSH-conjugates [21, 63, 64]. The IC50 for natural CYN was 
2.38 µM (1 µg mL-1). This concentration was higher, than 
the in vitro and in vivo protein synthesis inhibitory level 
(0.21 and about 0.128 µM). The synthetic CYN analogue 
AB-MODEL inhibited protein synthesis, but was not 
effective in inhibition of GSH synthesis even at 250-500 µM 
[21].  
CYN induced reduction in GSH synthesis was 
confirmed in several experimental systems- for example, in 
in vivo treated tilapia fish (Oreochromis niloticus, [53, 65] 
exposed to 200 g kg-1 pure CYN) and in vitro in 
topminnow (P. lucida) fish cell system. Decrease of cellular 
GSH level and activity of -glutamyl cysteine synthetase 
(GCS) [53, 65] was measured. Meanwhile, protein content of 
soluble (cytosolic) fraction of organs did not decrease. CYN 
induced changes in activity of GCS, the rate limiting enzyme 
in GSH synthesis, correlated with the tendency of GSH 
depletion. Both biomarkers showed a temporary decrease 
[65]. PLHC-1 cells derived from a hepatocellular carcinoma 
of topminnow were used as in vitro test and after a transient 
increase at 2 g mL-1 CYN exposure, at 8 g mL-1 CYN a 
significant decrease was measured in GSH content (after 10 
min. of exposure to pure CYN) and in GCS activity (after 24 
h of exposure to pure CYN) as well [53]. One can assume 
that cells try to face this assault by increasing the production 
of GSH in order to minimize toxin induced damage. At 
exposures to higher cyanotoxin concentrations the significant 
depletion in GSH levels of cells could be the result of 
decreased synthesis, because GCS activity decreased 
following a similar pattern to that of GSH content reduction 
[53]. GSH content linked to the activity of GCS in vitro and 
in vivo proved that CYN induced fall in GSH is a 
consequence of inhibition of GSH synthesis [53, 65]. 
We will discuss further aspects of the interference of 
CYN with glutathione metabolism in the context of 
cyanotoxin induced oxidative stress and cell death (section 
3.3. of this review). 
Reisner et al. [38] investigated the effect of CYN on 
the in vitro activity of uridine monophosphate (UMP) 
synthase complex (responsible for the conversion of orotic 
acid to UMP) in a cell free liver extract from mice. They 
demonstrated that CYN inhibited in a noncompetitive 
manner the in vitro activity of this enzyme complex. If mice 
were exposed to CYN at subacute concentrations via 
drinking water, only slight effect on the in vitro activity of 
UMP synthase was measured. and The typical metabolic 
disorder associated with the inhibition of UMP synthase 
activity, known as ‘‘orotic aciduria,’’ was not observed, but 
other anomalous metabolic responses related to cholesterol 
metabolism were detected. The authors concluded that due to 
the uracil moiety, CYN can competitively bind to catalytic 
site/s involved in the synthesis and transformation of 
pyrimidine nucleotides (i.e., uridine). 
Thus, the long-term toxicity of CYN seems to be 
related mainly to irreversible inhibition of protein synthesis 
and inhibition of GSH synthesis [47, 64]. However, many 
studies challenge the protein synthesis inhibitory effect of 
CYN. Fall in GSH pool can lead to oxidative stress that 
alters several other metabolic pathways [29, 33, 66-68]. This 
issue will be discussed in detail in relation to CYN induced 
cellular alterations. 
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3. CELLULAR EFFECTS OF CYN 
3.1. Effects on cell cycle and related chromatin and 
cytoskeletal organization 
The mitotic capacity of several human and animal cell types 
is significantly affected by CYN. Mitosis of human T-
lymphocytes is severely inhibited, pointing out that the 
cyanotoxin may affect the immunogenic capacity of a 
lymphocyte population [69]. The molecular background of 
mitosis inhibition was supposed to be the activation of cyclin 
dependent kinase inhibitors (CDKIs) in this case. Indeed, 
CYN is able to increase the expression of a CDK inhibitor 
via the activation of p53 transcription factor [70]. For HepG2 
cells, nuclear division index showed slight decreases in CYN 
treated cells, but no clear correlation could be found with the 
expression (transcription) of genes involved in the block of 
cell cycle [71]. However the same research team showed 
changes in the same experimental system in the transcription 
of genes involved in cell cycle regulation [61]. The most 
important changes were: (i) up-regulation of CDKN2B, a 
cyclin dependent kinase inhibitor (CDKI) that blocks G1/S 
transition at 12 h exposure to the cyanotoxin; (ii) up-
regulation of genes involved in blocking of G1/S and G2/M 
transition including gene products involved in DNA damage 
repair (e.g. CDKN1A- a CDKI, genes of the GADD family, 
E2F4) and decreased transcription of a cell cycle activator, 
cyclinG1. Further thoughts on this topic will be presented 
when we discuss the possible molecular mechanisms 
underlying CYN induced cell cycle changes (see below in 
this section). For CHO-K1 cells, chromatin condensation is 
blocked at early stages and both microtubule (MT) and 
microfilament (MF) organization is altered [72]. In 
accordance with this study, CYN inhibited mitotic activity in 
this cell type [73]. Decreases in the mitotic activity were 
observed for murine embryonic stem cells, when long-term 
treated with WHO guideline levels of CYN [74].  
 There is a relatively low number of studies 
concerning mitotic spindle alterations induced by CYN in 
animal/ human cells. However the early research performed 
by Humpage et al. [75] used micronucleus assays and the 
detection of centromeres, showing probable chromosome 
loss due to disruptions of spindle MT-kinetochore 
connections in a CYN treated lymphoblastoid cell line. 
Concerning plants, the cell cycle alterations induced 
by CYN are only partially known. and To date, these studies 
concentrated mainly on mitotic activities of common reed 
(Phragmites australis) and broad bean (Vicia faba) root tip 
meristematic cells [28, 29, 49]. They studies can be 
summarized as follows: (i) mitotic activities depend largely 
on cyanotoxin exposure time. While there are only slight 
changes in mitotic indices at relatively short-term exposures, 
at long term CYN treatments (6 days for V. faba, a well-
known eukaryotic model and 10 days for Phragmites 
australis, an aquatic macrophyte), lower concentrations (0.1-
5 µg mL-1, depending on the plant species studied) increased 
total mitotic index as well as the percentage of early and in 
case of V. faba of late mitotic cells. In case of V. faba, higher 
CYN concentrations (≥ 5 µg mL-1) inhibited cell division 
activity. (ii) in root tip cells synchronized in the S phase, 
CYN delayed the onset of mitosis. Further research is needed 
to establish whether mitosis itself (G2/M transition) is 
delayed, or this effect is due to perturbations in the onset of 
S phase. This late mitosis onset correlates well with the 
effects of CYN on de novo protein synthesis in higher plant 
seedlings, which was delayed rather than inhibited [49]. (iii) 
CYN induces characteristic changes in the organization of 
mitotic chromatin and microtubular (MT) cytoskeleton. The 
most prominent change is the formation of abnormal 
preprophase bands (PPBs). PPB is a cytoskeletal structure 
peculiar for plants and it has a crucial role in the establishing 
of cell division plane. Abnormal PPB formation will lead to 
perturbations in the orientation of mitotic spindle which can 
lead to abnormal organization of a whole tissue [76]. These 
anomalous structures are correlated with the inhibition of 
protein synthesis in general (see [77]), but they can be 
associated to the inhibition of auxin (a plant growth 
regulator) efflux as well [78]. Thus, protein synthesis 
inhibition is possibly not the sole cause of the formation of 
double, split or asymmetric PPBs. CYN induces the 
formation of other abnormal mitotic figures too- tripolar 
spindles, disorganized phragmoplasts (phragmoplast is a 
plant cytokinetic structure. It consists of MTs, 
microfilaments /MFs/ and trans-Golgi derived vesicles. It is 
formed at the plane of cell division and has an essential 
contribution to the building up of cell walls). The latter two 
alterations may induce the formation of lagging 
chromosomes [28]. We propose that alteration of the 
synthesis of microtubule associated proteins (MAPs), 
together with misorganization of microtubule organizing 
centers (MTOCs) is responsible for CYN induced alteration 
of mitotic MT structures [28]. 
(iv.) CYN induces chromosome breakage in higher plants, 
indicating its potential clastogenic effect on eukaryotic cells 
([49] and see section 3.3. of this review). It should be noted 
however, that such cytogenetic disorders are not universally 
induced by CYN. Whole chromosome loss, but not 
individual chromosome breaks were detected in the human 
lymphoblastoid cell line WIL-2 NS [75]. 
(v.) Although this does not involve actively cycling cells, 
CYN induced the reorientation of cortical microtubules 
(CMTs). Meanwhile, the density of CMTs decreased 
dramatically in a similar way to MT system of CYN treated 
CHO-K1 cells (see [72]). For plants, normal orientation of 
CMTs is very important for the normal (anisotropic) growth 
of elongating/differentiating cells. A shift of CMT 
orientation from perpendicular to longitudinal with respect to 
the longitudinal axis of the plant body will inhibit 
longitudinal growth and promote abnormal, radial expansion 
of whole organs [76]. CYN induced changes in CMT 
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orientation were not caused by the inhibition of (α- or β-) 
tubulin synthesis: Western blots revealed that CYN increases 
and not decreases the amount of β-tubulin, which does not 
correspond with its protein synthesis inhibitory effects ([28]; 
see also sections 2 and 4 of this review). It is worth 
mentioning, that similar increases in the levels of β-tubulin 
were observed in CYN treated Caco-2 cells [56], but not in 
freshwater mussels [55]. Early studies indicate that high 
tubulin levels alter the number of MTs as a consequence of 
MTOC dysfunctioning in dividing cells, leading to abnormal 
mitotic MT assembly [79]. 
(vi) CYN increases the abundance of a protein participating 
in the assembly of the plastid division ring complex in 
lettuce [59], although the consequences of this change in 
plastid fission are not known. 
What are the molecular mechanisms laying behind 
the effects of CYN on eukaryotic cell cycle? CYN is 
considered as a protein synthesis inhibitor, hence its effects 
are apparently related to the decrease in the levels of cell 
cycle regulators. However, the biochemical targets of the 
cyanotoxin seem to be more complex: (i) CYN increases 
expression (transcription) of the CDKI CDKN1A through 
p53 [70] which can be a cause of cell cycle arrest. This is 
true even though no changes in the transcript level of p53 
were detected in CYN treated cells [61]. However, post-
transcriptional p53 activation and subsequent activation of 
p53 dependent gene transcriptional events can be activated 
via DNA damage by CYN in other organisms/cell types, (see 
Section 3.3 of this review). (ii) the levels of several  proteins 
including those having crucial roles in the regulation of 
mitosis increase and not decrease in the presence of CYN (it 
is true though, that such increases are characteristic only for 
part of the organisms/tissues studied). This includes β-
tubulin and actin isoforms both in animal and plant 
organisms and may contribute to cyanotoxin induced 
abnormal mitosis [28, 55, 56]. (iii) CYN may have important 
consequences on cell cycle, since it is an inhibitor of 
pyrimidine nucleotide biosynthesis (see section 2.2. of this 
review). Such inhibitors (e.g. methotrexate) are known to 
block cells in the S phase and cause subsequent apoptosis 
e.g. in primary T lymphocytes [80]. Moreover, depletion of 
cytidine and uridine will lead to a p53-dependent arrest of 
several human cell lines at G0/G1 [81]. As stated above, 
CYN is able of delaying the onset of mitosis [49], however 
the cell cycle phase involved is not known. In the light of 
these findings, one very important future research topic is 
revealing whether the cyanotoxin affects G0/G1, G1/S or 
G2/M transition. The possible medical implication is for 
example the potential use of CYN as a cell cycle 
blocker/inhibitor in the treatment of malignant tumors.  
 
3.2. Effects on the endomembrane system and 
mitochondria 
Relevant effects of CYN were revealed mainly by TEM 
studies and most alterations can be related to cyanotoxin 
induced cell death (see section 3.3. of this review). The first 
and one of the most complex studies on this issue was 
performed by Terao et al. [40] with mice i.p. injected with 
CYN. Ultrastructural changes of hepatic cells occurred by 
three consequent stages: (1.) detachment of ribosomes from 
RER, a phenomenon that occurred in the presence of CHM, 
a well-known eukaryotic protein synthesis inhibitor, too. 
This occurred concomitantly with the reduction of nucleolus 
size and its condensation. This shows that the increased free 
ribosome population originates from RER alterations and not 
from increased ribosome biogenesis. It is interesting that 
CYN and CHM have similar effects in mouse liver. The 
primary effect of the latter drug was initially thought to be 
the inhibition of the transfer of aminoacil-tRNA to the 
nascent peptide on ribosomes [82]. Later it turned out that 
CHM inhibits the large ribosomal subunit translocation step 
during translation [83]. (2.) The formation of multiple 
membrane-layer vesicles and increase in the abundance of 
SER membranes. Abundant SER system did not originate 
from detachment of ribosomes from RER, because 
cycloheximide did not induce this second stage. This 
observation suggested that other mechanisms than protein 
synthesis inhibition may contribute to CYN toxicity. (3.) the 
formation of abundant lipid droplets, autophagosomes and 
cell death. These alterations are probably related to the 
changes presented above (2.). The possible mechanism of 
premature ribosome detachment from RER could be 
degradation or dysfunction of putative “ribosomal protein 
receptors” localized at the surface of ER [84]. Later on it 
turned out that the ER contains indeed a complex responsible 
for ribosome targeting to the ER and channeling nascent 
proteins to the lumen or RER. For example, the SRP/SR-
Sec61 proteins play an essential role in attachment of 
ribosomes and folding/correct localization of ER 
transmembrane proteins [85]. It is worth mentioning that the 
reticulocyte lysate used by Terao et al. [40] for the 
translation assay involving CYN treatments could contain 
fragments of ER membranes, thus CYN could influence 
ribosome attachment to these membrane fragments. 
Moreover, CYN decreased protein content of microsomes 
known to be composed of ER membrane fractions. It is 
worth mentioning that Froscio et al. [47] suggested that 
indeed, CYN does not inhibit protein synthesis directly at the 
ribosome level. 
Gutiérrez-Praena et al. [86] performed studies in 
human intestinal (Caco-2) cells and showed alterations in the 
organization of Golgi apparatus and mitochondria. These 
changes, together with the increase in the formation of lipid 
droplets and multivesicular bodies (MVB) indicated that the 
cyanotoxin induced elevated ROS formation that led to cell 
death. Intense vacuolization and abundant lysosome 
formation were also detected in brain neuronal cells of tilapia 
fish exposed to subchronical doses of CYN [87]. 
Hepatic cells and cardiac muscle cells of CYN 
treated tilapia fish showed abundant mitochondria that were 
often swollen at 1d of cyanotoxin exposure (i.p. or orally 
applied 0.2 mg kg-1 CYN) and loss of mitochondria at long-
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term exposures. Hepatic and kidney cells long-term exposed 
to the cyanotoxin showed frequently increased nuclear 
diameter [88]. Mitochondrial swelling can be an indicator of 
oxidative stress (see [89] for an example). It may be 
followed by membrane rupture, cytochrome c release, 
consequently disruption of the inner mitochondrial 
membrane electron transport chain and caspase-3 activation, 
events related to PCD [90]. 
 
3.3. Effects on cell viability, DNA integrity and the 
induction of cell death 
Most of papers dealing with the cellular effects of CYN in 
eukaryotes are reporting alterations of viability, induction of 
oxidative stress and alterations of chromatin/DNA integrity. 
Various types of cell death- programmed cell death 
(PCD)/apoptosis and necrosis were detected. The first event 
that indicated possible CYN induced cell death was liver 
necrosis induced by Cylindrospermopsis raciborskii extracts 
in mice. The authors suspected this cyanobacterial strain was 
responsible for the incidence of human hepatoenteritis in 
Palm Island, Australia [91]. Early studies include those of 
Humpage et al. [75] and Shen et al. [92]. The former study 
showed CYN induced formation of micronuclei in human 
cells (WIL2-NS lymphoblastoid cells). Both centromere-
positive and –negative micronuclei were detected, indicating 
that both chromatid mis-segregation and DNA strand breaks 
occurred. The latter study showed CYN induced DNA 
degradation (detected by alkaline gel electrophoresis of DNA 
extracted from Balb/c mouse liver), pointing out that 
triggering of cell death can be the main event in CYN 
induced cytotoxicity. 
 Different cell viability assay methods show that the 
effects of CYN are largely dependent on the cell type 
studied. For example, there were significant decreases in the 
viability of CYN treated murine hepatocytes or human 
granulosa cells, but no such changes could be detected in rat 
hepatocytes or HeLa cells [35, 37, 93-95]. Inhibitors of 
CYP450 activity prevented mouse hepatocytes from the 
CYN induced loss of viability [37]. 
 Current evidence suggests that CYN induced cell death is 
mediated through reactive oxygen species (ROS) generation. 
This will induces DNA damage including single- or double 
strand breaks that will arrest cell cycle (see section 3.1. of 
this review) and initiate PCD/apoptosis. There are numerous 
subcellular changes at the cell cycle regulation and 
endomembrane/ mitochondrial level indicating that CYN 
induces cell death (see sections 3.1. and 3.2. of this review). 
In the present section we will analyze CYN induced ROS 
generation and changes occurring in nucleus underlining the 
possible mechanisms leading to these changes- to check the 
validity of the sequence of events proposed above. CYN 
induced tissue necrosis and its relationship to PCD/apoptosis 
are also discussed.  
 The first indication of possible CYN induced oxidative 
stress came from the work of Runnegar et al. [21, 63, 64]. 
They showed decreased viability of CYN treated cultured rat 
hepatocytes (based on the LDH release assay), accompanied 
by decreased glutathione (GSH) levels probably due to the 
inhibition of its biosynthesis. CYP450 inhibitors partially 
prevented this effect, showing that this monooxygenase 
system plays a role in CYN toxicity. Gutiérrez-Praena et al. 
[96] have treated tilapia fish orally and i.p. with 200 µg kg-1 
CYN for 1 and 5d and observed increases of glutathione-S-
transferase (GST) transcript and protein levels as well as its 
activity. In contrast, glutathione peroxidase (GPx) transcript 
level increased, but its activity did not change significantly. 
However, studies performed with the human cell lines 
HUVEC and Caco-2 as well as rat and fish cell cultures 
showed increases, rather than decreases of glutathione 
synthesis or GSH levels, indicating this parameter is largely 
dependent on the cell line studied. Meanwhile, ROS 
elevation (mainly H2O2) induced by CYN was detected in 
these cell lines [50, 53, 56, 86, 88]. Concomitant reactive 
oxygen/nitrogen species (RONS) elevation and no changes 
in GSH/GSSG ratio or GST activities were detected in 
hepatocytes of the fish Prochilodus lineatus [97, 98]. One of 
the most comprehensive studies on the relationship between 
CYN induced oxidative stress and cell death was performed 
by Štraser et al. [62]. They added 2’, 7’-dichlorofluorescein 
diacetate (DCFH-DA) to HepG2 cells. DCFH-DA is a 
known marker of intracellular ROS, especially H2O2. 
Subsequent adding of CYN to cells increased the intensity of 
DCFH-DA fluorescence, indicating that the cyanotoxin 
could increase ROS formation. At lower non-cytotoxic CYN 
concentrations (0.25 and 0.5 µg mL-1), CYN induced DNA 
damage as revealed by the Comet assay. Strand break, but no 
oxidative DNA damage could be detected. Thus, DNA 
strand breaks were not induced by ROS elevation. At these 
CYN concentrations, there was no induction of apoptosis 
markers as revealed by like Caspase 3/7 activities or 
Annexin V labeling. All these results show that CYN does 
not induce typical apoptosis in HepG2 cells at sub-cytotoxic 
concentrations for up to 24 h exposure. The higher 
transcription level of Bcl2, than Bax in human peripheral 
blood lymphocytes treated for 24 h with 0.5 µg mL-1, CYN 
shows another cell type where CYN does not induce typical 
apoptosis [99]. The authors have shown the formation of 
micronuclei, nucleoplasmic bridges and nuclear 
buds/blebbing indicating fragmentation of nuclei, DNA mis-
repair and abnormal S-phase DNA amplification. Meanwhile 
there were only partial increases at the mRNA level of 
enzymes related to oxidative stress defence. Transcript levels 
of p53 and genes up-regulated by this transcription factor 
(MDM2 and GADD45α) as well as of CYP450 related 
mRNAs (suggesting that CYN toxicity is mediated here by 
cCYP450 as in several other experimental systems) 
increased as well. However, changes at the transcript level 
do not necessarily mean that the corresponding protein levels 
are also increasing, since post-transcriptional regulatory 
mechanisms may alter protein expression. This was 
postulated in the above work as well [99]. For tilapia fish, 
CYN induced oxidative stress (glutathione imbalance, 
increase of NADPH oxidase activity) without oxidative 
DNA damage was also observed [65]. All these data suggest 
that in several human cell types (and in tilapia fish) CYN 
induces atypical PCD. In contrast, Gácsi et al. [72] detected 
typical apoptosis in CHO-K1 cells. It is true, that higher 
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CYN concentrations ≥ 1 µM (corresponding to ≥ 2.4 µg mL-
1) were used, than in the Žegura et al. [99] study. 
Interestingly, these apoptotic cells gradually turned into 
necrosis, although the mechanism of this phenomenon 
remains to be elucidated. In the same cell line, Lankoff et al. 
[73] detected typical apoptosis at lower CYN concentrations 
(0.1-2 µg mL-1) and shorter exposure times (3-21 h vs. 12-48 
h used in the former study) that might explain the lower 
percentage of apoptotic cells. This slighter apoptosis 
induction was characteristic even at metabolic activation by 
CYP450 known to be related to CYN toxicity. However, 
necrosis was still detected in their system-moreover, in 
higher percentage than apoptotic cells- which somehow 
contradicts the findings of Gácsi et al. [72] and makes the 
apoptosis-necrosis transition hypothesis to be questionable. 
In addition, Fessard and Bernard [100] showed slight 
apoptotic effect of CYN in CHO-K1 cells at 
concentrations/exposure times comparable to the above two 
studies, but they did not detect DNA strand breaks by the 
Comet assay. The slight differences reported by different 
research groups for CYN treated CHO-K1 cells might be 
attributed to the different experimental conditions employed. 
The presence of pyknotic nuclei and detection of DNA 
strand breaks suggested the onset of apoptosis in mice i.p. or 
orally treated with CYN as well [101]. 
 CYN as well as its metabolite, deoxycylindrospermopsin 
induced glutathione imbalance and caused altered superoxide 
dismutase (SOD) and catalase (CAT) activities in liver and 
kidney of tilapia fish and in human lymphocytes [102, 103]. 
For SOD and CAT, activity changes were dependent on 
CYN dose, exposure and the organ affected. SOD activity 
increased in both organs at 7d exposure, while for kidney it 
decreased at longer toxin treatment. For CAT, liver activity 
increased at 7d and decreased at longer exposure, while for 
kidney, it decreased at both exposures. These biochemical 
changes show that CYN induced oxidative stress and the cell 
redox state/ defence mechanisms against ROS were altered 
over time. Meanwhile, oxidative DNA damage was detected: 
changes at the DNA level were observed during CYN 
induced oxidative stress. It should be noted that 
environmentally relevant cyanotoxin doses (10 and 100 µg 
L-1) were used in this study, raising the possibility that even 
human health could be affected by CYN via the food chain. 
It should be noted, that CYN concentrations in the µg L-1 
range are generally accepted to occur during excessive 
proliferation of cyanobacteria that are producing it [102; 
104]. Later on, it turned out the same research team showed 
that intense lipid peroxidation occurred concomitantly with 
endomembrane changes and chromatin condensation in 
different cell types of tilapia (including neurons) showing 
once again the relationship between CYN induced ROS 
elevation and apoptosis in this organism ([87] and see 
section 3.2. of this review).  
 In relation to CYN induced oxidative stress, protein 
carbonyl content, as a biomarker of protein oxidation, was 
assayed by Gutiérrez-Praena et al. [65]. In liver and kidneys 
of CYN treated tilapia fish, elevated amounts (nmol) of 
carbonyl mg-1 protein were detected. In kidneys protein 
oxidation was more pronounced than in liver. 
 Tissue damage/necrosis was reported for several 
mammalian organs/tissues, most of the studies being carried 
out in hepatic tissues (see [37] for a summary and [105]). 
 In general, all the above studies show that the pro-
apoptotic effects of CYN in vertebrate cells are largely cell-
type specific. Many mammalian cell types are affected by 
the cyanotoxin, which points out the potential human health 
hazard of CYN exposure. 
 For higher plants, there is little knowledge on cell death 
inducing effects of CYN. Exposure of both monocot and 
dicot models (Phragmites australis and Vicia faba) to this 
cyanotoxin show leads to cell death symptoms, when 
exposed to this cyanotoxin. These include nuclear blebbing 
and fragmentation (showing possible PCD processes) and 
root necrosis [28, 49]. However a third model, Sinapis alba 
does not show necrotic symptoms at all [68]. Loss of 
chlorophyll indicating senescence was reported for S. alba, 
Oryza sativa as model crops and Hydrilla verticillata, an 
aquatic macrophyte [67, 106, 107]. At the biochemical level, 
increases in the levels of H2O2 and/or activities of ROS 
scavenging enzymes (CAT, peroxidase/POD, GPx) were 
reported in S. alba, O. sativa and Lemna minor [67, 107, 
108], indicating that CYN treatments led to oxidative stress. 
Interestingly, most of ROS scavenging enzymes with 
increased expression induced by CYN in lettuce were 
proteins localized in chloroplasts. Meanwhile, the levels of 
several molecular chaperones localized in chloroplasts 
decreased, but HSP70 and HSP90 increased. This was 
observed for a putative Zn-dependent protease as well [59]. 
Research on CYN treated lettuce indicated that PCD-like 
processes were initiated in chloroplasts. It is known, that  
The synthesis of pyrimidine nucleotides is localized in 
plastids in case of plants [109]. As we stated before, CYN 
inhibits pyrimidine nucleotide synthesis and may induce 
PCD via this mechanism. Elevations of oxidative stress 
defence enzyme activities show that plants can counteract 
toxic effects of CYN to some extent. 
 Both crude extracts of CYN producing Aphanizomenon 
ovalisporum and purified CYN induced increases of protease 
activities of Lemna minor and Wolffia arrhiza [54], however 
the nature of these proteases and their direct involvement in 
plant PCD remains to be established. In spite of all these data 
on vascular plants, the understanding of the mechanism of 
CYN induced cell death or whether PCD-related symptoms 
and necrosis are interrelated processes- especially the 
relationship between oxidative stress and nuclear/DNA 
alterations- still remain to be established for plants. Since 
Cell death related responses were detected in aquatic 
macrophytes that can be in contact with CYN under natural 
conditions. The ecological impact- and entrance into food 
chain at the level of primary producers- of CYN exposure is 
possible. 
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Table 1 Cellular changes induced by CYN in human, animal and plant cells. CYN (MW = 416) concentration units are given 
according to the authors of works referred. Concentrations refer to purified cyanotoxin, except when specified. 
 
Alteration induced Target 
organism/cell 
type, 
experimental 
system 
CYN 
concentration and 
exposure time (if 
available)  
Molecular/ biochemical 
mechanism 
References 
Cell cycle, related cytoskeleton and chromatin changes 
inhibition of mitosis; 
slight/ not significant 
cell cycle arrest at 
G0/G1 and increase in 
the length of S phase  
human T-
lymphocytes 
1 µg mL-1, up to 48 
h exposure 
not investigated [69] 
decrease of mitotic 
index, blocking cells in 
early mitosis, 
destabilization of MFs, 
decrease of density and 
rearrangement of MTs 
CHO-K1 cells 0.1-2 µg mL-1, 3-24 
h; 2 µM (0.83 µg 
mL-1), 24 h 
presumably, protein 
synthesis inhibition 
[72, 73, 100],  
decrease of cell division 
activity and inhibition of 
differentiation 
undifferentiated 
murine 
embryonic stem 
cells 
1 ng mL-1, 168 h presumably, protein 
synthesis inhibition 
[74] 
decrease of non-mitotic 
MT density, 
rearrangement of MTs 
and/or increase of β-
tubulin level 
Phragmites 
australis root 
tip cells, Caco-2 
cells 
0.5-10 µg mL-1, 10 
d; 1, 5 µM (0.41, 2 
µg mL-1), 4-48 h 
the mechanism of tubulin 
increase is not known, but 
these two phenomena are 
interrelated 
[28, 56, 72],  
transient stimulation of 
mitosis 
P. australis, 
Vicia faba root 
tip cells 
0.1-5 µg mL-1, 
long-term 
exposures (10 and 6 
d, respectively) 
not known [28, 49] 
dramatic inhibition of 
mitosis (to near zero 
mitotic activity) 
V. faba root tip 
cells 
2.5-20 µg mL-1, 6d 
exposure 
not known [49] 
delay of the onset of 
mitosis in S-phase 
synchronized cells 
V. faba root tip 
cells 
5 µg mL-1 delay of de novo protein 
synthesis 
[49] 
abnormal mitotic MT 
organization, sporadic 
appearance of lagging 
chromosomes 
P. australis, V. 
faba root tip 
cells 
0.1-20 µg mL-1, 
relatively long-term 
exposures (10 and 
3, 6 d, respectively) 
probably the decrease in 
the number of MTOCs 
caused by excess tubulin 
production and inhibition 
of the synthesis of 
proteins involved in 
normal PPB formation 
[28, 49] 
up-regulation of genes 
involved in cell cycle 
arrest 
HepG2 cells 0.5 µg mL-1, 12, 24 
h 
not known [61] 
Endomembrane system 
detachment of 
ribosomes from RER, 
the increase in the 
abundance of SER, the 
formation of 
multimembrane 
male ICR mice i.p. injection with 
0.2 mg kg-1 CYN, 
16-100 h 
inhibition of protein 
synthesis, other 
(unknown) mechanisms 
[40] 
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structures and 
autophagosomes and 
finally, cell death 
mitochondrial and Golgi 
disorganization, 
accumulation of lipid 
droplets, segregation of 
nucleoli, formation of 
lamellipodia (the latter, 
only for HUVEC cells), 
formation pf MVBs, 
apoptosis 
Caco-2 cells, 
HUVEC cells 
0.375-2.5 µg mL-1, 
24, 48 h 
induction of ROS [50, 86] 
intense vacuolization, 
lysosome formation, 
mitochondrial swelling, 
chromatin condensation 
tilapia, 
neuronal, 
hepatic and 
kidney cells 
Aphanizomenon 
ovalisporum lysate 
containing 10 µg L-
1 CYN, 14 d for 
neuronal cells; 
injection or oral 
administration with 
0.2 mg kg-1 CYN, 
24 h for hepatic and 
kidney cells 
probably oxidative stress-
induced initiation of cell 
death 
[87, 88] 
Cell death 
chromosome breakage 
 
V. faba root tips 0.1-5 µg mL-1 , 3d dsDNA breaks occurring 
during CYN induced PCD 
[49] 
micronucleus induction, 
whole chromosome loss, 
no chromosomal break 
WIL2-NS 
lymphoblastoid 
cell line 
1-10 µg mL-1, 24 h probably loss of spindle 
MT-kinetochore 
connection 
[75] 
typical apoptosis 
detected by Annexin-V 
labeling and cell 
rounding/blebbing at 
low CYN concentration/ 
short exposure time and 
necrosis at all CYN 
concentrations and 
exposure times 
CHO-K1 cells 0.1-2 µg mL-1 , 3-
21 h; 1-50 µM 
(0.41-20.8 µg mL-
1), 12-48 h 
exposure 
presumably, inhibition of 
protein synthesis; 
cytoskeletal 
reorganization is likely to 
be involved 
[72, 73, 100] 
nuclear shrinking/ 
chromatin condensation, 
nuclear blebbing, 
possible apoptosis 
Male Swiss 
albino mice- 
liver, kidney, 
tilapia- neuronal 
cells 
i.p. and oral 
treatment, 100-200 
µg kg-1 (i.p.) and 2, 
4 mg kg-1 (gavage), 
24 h for mice; 10 
µg L-1, 14 d for 
tilapia 
not known [87, 101] 
atypical apoptosis or 
non-apoptotic PCD, the 
formation of 
micronuclei, nuclear 
blebbing, nucleoplasmic 
bridges 
human 
peripheral blood 
lymphocytes 
(HPBL), 
HepaRG, Caco-
2 cells 
0.05, 0.5 µg mL-1 , 
4, 21 h for HPBL; 
0.04-2 µg mL-1 , 24 
h for HepaRG and 
Caco-2 cells 
abnormal DNA 
amplification, DNA mis-
repair during S phase; 
elevation of ROS; 
elevation at the transcript 
level of GCLC, GPx and 
SOD (but not CAT); p53 
and related transcripts;   
[88, 99, 110] 
chromatin and nucleolar 
disorganization, 
chromatin fragmentation  
Caco-2 cells V. 
faba lateral root 
tip cells 
0.625, 2.5 µg mL-1, 
24, 48 h for Caco-2 
cells; 10-20 µg mL-
1, 6d for V. faba 
probably induction of 
ROS and DNA strand 
breaks 
[49, 86] 
cell death? tilapia, liver, immersion in oxidative DNA damage at [102] 
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kidney Aphanizomenon 
ovalisporum cells 
to obtain 10 and 
100 µg mL-1 CYN 
and 0.46, 4.6 µg 
mL-1 deoxy-CYN, 
7, 14 d 
higher CYN doses; 
oxidative stress, increase 
of lipid peroxidation at 14 
d of exposure, increased 
GST activity in liver/ 
decrease in kidney, 
increase of GPx activity 
(in kidney), decrease of 
GSH/GSSG ratio, increase 
of GCS activity (in 
kidney), changes of CAT, 
SOD activities and 
increase of protein 
oxidation at higher 
dose/14d exposure 
irregular nucleus shape, 
necrosis 
tilapia, intestine 200, 400 µg kg-1, 
gavage, 24 h 
oxidative stress has less 
effects, but generally not 
known 
[111] 
disorganization of 
cardiac myofibrils and 
intestinal microvilli, 
necrosis of enterocytes 
tilapia pretreatment with 
N-acetylcysteine + 
single dose of 200 
µg kg-1 CYN, 24 h 
(use of purified 
CYN and 
cyanotoxin 
containing A. 
ovalisporum lysate) 
not investigated [31] 
necrosis liver of male 
Swiss Albino or 
ICR mice, liver, 
kidney and 
pancreas of 
tilapia fish, root 
tissues of P. 
australis and V. 
faba 
i.p. administration 
of liophilized cells 
of 
Cylindrospermopsis 
raciborskii to male 
Swiss Albino mice, 
70 mg kg-1, 24 h; 
purified CYN- for 
mice and tilapia: 
i.p. injection or oral 
administration 
(tilapia) with 0.2 
mg kg-1 CYN, 48 h 
for mice, or 1, 5 d 
for tilapia; for 
plants: 0.1-40 µg 
mL-1, 10d for P.a. 
and 6d for V.f. 
not investigated [9, 28, 49, 88, 
105]  
apoptosis and necrosis pregnant CD-1 
mice, liver 
50 µg kg-1day-1, 5d controversial (not only 
protein synthesis 
inhibition is responsible) 
[60] 
cell death of unspecified 
type 
cultured Swiss 
albino mice, rat 
hepatocytes, 
tilapia fish- 
liver, kidney 
0.5-5 µM (0.2-2 µg 
mL-1), 17 h for 
mammals; 200 µg 
kg-1, i.p. or gavage, 
24 h for fish 
glutathione (GSH) 
depletion, but oxidative 
stress induced DNA 
damage might not be 
involved; for tilapia- 
decrease of GCS and 
increase of NADPH 
oxidase activity and lipid 
peroxidation 
[21, 37, 64, 
65] 
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cell death? Oryza sativa, 
Sinapis alba, 
Lactuca sativa, 
Lemna minor 
plants/seedlings, 
lungs of mice 
intratracheally 
injected 
CYN containing 
crude 
Aphanizomenon 
ovalisporum 
extracts; 0.05 µg 
mL-1 purified CYN 
for mustard and 1-
100 µg L-1 purified 
CYN for lettuce; 
2.5 and 25 µg L-1 
purified CYN for 
duckweed, 48 h for 
rice, 4d for 
mustard, 5-10d for 
lettuce, 1-7 d for 
duckweed grown 
photoperiodically; 
mouse treatments, 
70 µg kg-1, 2-96 h 
oxidative stress induction 
in higher plants and 
mammals; probable 
induction of oxidative 
stress signalling and PCD, 
increase of GST and/or 
GPx, POD, SOD, GR 
activities, H2O2 levels 
[67, 107, 108, 
112, 113]  
loss of cell viability fish liver cell 
line PLHC-1 
2-8 µg mL-1, 24-48 
h 
oxidative stress: increase 
of ROS, decrease of 
tetrazolium salt reduction, 
transient increase of GSH 
content and GCS activity 
[53] 
cell death, but no 
apoptosis 
HepG2 cells 0.25, 0.5 µg mL-1, 
12, 24h 
elevation of ROS, non-
oxidative DNA damage 
(strand breaks) but no 
induction of Caspase 3/7, 
no increase of Annexin V 
labelling 
[62] 
 
Abbreviations: CAT-catalase; CYP450- cytochrome P450 monooxygenase; dsDNA- double-stranded DNA; GCLC- glutamate-
cystein ligase, catalytic subunit; GCS- γ-glutamyl-cysteine synthetase; GST- glutathione-S-transferase; GPx- glutathione 
peroxidase; GR- glutathione reductase; PCD- programmed cell death; POD- peroxidase; PPB- preprophase band; MF- 
microfilament; MT- microtubule; MTOC- microtubule organizing center; MVB- multivesicular body; ROS- reactive oxygen 
species; SOD- superoxide dismutase.  
 
 
4. SUMMARY AND CONCLUDING REMARKS 
We showed many examples on the cytotoxic effects of CYN 
in eukaryotes/vertebrates in general and human cells in 
particular (see Table 1 as well). These examples confirm 
prove that CYN can be a potent genotoxic and cell death 
inducing toxin, having important implications in human and 
aquatic ecosystem health. A recent paper points out the 
importance of CYN depuration for avoiding these health 
consequences [114]. One should note that CYN toxicity is 
complex- cell death itself can be triggered by multiple 
mechanisms- and it is rather difficult to draw a general 
sequence of events on the cellular effects of CYN. Firstly, 
the changes induced depend largely on the cell type affected. 
Secondly, for many cases it is not known whether CYN itself 
or its metabolites (like deoxycylindrospermopsin or 7-
epicylindrospermopsin) are responsible for cellular changes 
or what changes occur in the structure of CYN after its 
intracellular interaction with CYP450. However, the former 
two CYN metabolites are believed to give a minor 
contribution to toxicity [102, 115]. In spite of the incomplete 
knowledge on these issues, we are attempting to draw a 
general scheme of the cellular mechanisms of CYN action in 
eukaryotes (Fig. 2). 
 According to the current literature, cellular alterations 
induced by CYN are likely to be driven by four main 
mechanisms: (i) inhibition of protein synthesis; (ii) inhibition 
of pyrimidine nucleotide sythesis; (iii) the induction of ROS 
and (iv) detachment of ribosomes from RER. These 
mechanisms are most probably interconnected, however 
currently we possess very little knowledge on these 
biochemical connections. 
 (i) inhibition of protein synthesis is possibly affecting 
expression of enzymes involved in pyrimidine nucleotide 
synthesis. Another main target is the cytoskeletal system by 
decreasing expression of MAPs and subsequent destabilizing 
mitotic and non-mitotic MT organization. MAPs are known 
to influence MT stability, bundling, orientation and 
movement of organelles/macromolecules along the 
cytoskeleton. Both their levels and post-transcriptional 
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modification are important for MT organization [116]. CYN 
affects cytoskeleton by another mechanism, too- increase of 
(β-) tubulin levels that will affect MTOC functioning in 
certain organisms. The relevant alterations induced by CYN 
are proven to induce cell cycle arrest or the delay of mitosis, 
partially by the induction of abnormal mitosis and 
chromosome loss, a mechanism that will lead to PCD (Fig. 
2.). Cytoskeletal alterations might be related to the induction 
of ROS – see (iii) below- because they can alter movement 
of organelles involved in ROS production/scavenging, like 
mitochondria, peroxisomes and for plants, the chloroplasts 
[117]. 
 As shown in this review, the protein synthesis inhibitory 
effect of CYN is a controversial issue, because the 
cyanotoxin increases, rather than decreases expression of a 
considerable number of genes not only at transcriptional, but 
at translational level as well. This raises the question whether 
CYN interferes with the protein synthesis machinery by 
interfering with DNA replication and/or transcription 
through competing with nucleotides during these processes 
or other mechanisms (see below for example). Thus, further 
studies are needed to clarify CYN action at the molecular 
level. 
 (ii) The inhibition of pyrimidine nucleotide synthesis will 
certainly affect DNA replication and it is possibly inducing 
(non-oxidative) DNA damage that will lead to cell cycle 
arrest and cell death. 
 (iii) Induction of ROS may be mediated by CYN induced 
organellar (mitochondrial/chloroplast membrane) and 
cytoskeletal alterations. ROS will induce oxidative DNA 
damage that will trigger the activation of p53, subsequently 
the arrest of cell cycle and finally, cell death. 
 (iv) CYN induced detachment of ribosomes from RER 
and alterations in endomembrane (ER, Golgi) organization 
may induce protein misfolding and gene expression changes 
on one hand and the formation of MVB/ autophagosomes at 
the other hand, all these mechanisms leading to cell death. 
 
 
 
 
Fig. (2). Proposed scheme of the subcellular effects of CYN 
in eukaryotes. Major cyanotoxin induced changes are 
depicted and dashed arrows indicate the given pathway is not 
fully elucidated proven or it is hypothetical. Possible 
alterations driven by cytochrome P450 monooxygenase 
(CYP450) mediated metabolic changes are not given here, 
due to the relatively poor knowledge on this topic. 
Abbreviations: CDKI- cyclin dependent kinase inhibitor; 
MT- microtubule, MTOC- microtubule organizing center; 
MVB- multivesicular body; PCD- programmed cell death. *-
the given process occurs via yet unknown pathways. 
Triggering of DNA damage through caspase or caspase-like 
activities and relationships with endomembrane changes are 
not shown in this figure, because there is no sufficient 
evidence for such relationship at CYN treatments. 
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